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Many applications for topological insulators (TIs) as well as new phenomena require devices 
with reduced dimensions.  While much progress has been made to realize thin films of TIs 
with low bulk carrier density, nanostructures have not yet been reported with similar 
properties, despite the fact that size confinement should help reduce contributions from bulk 
carriers. Here we demonstrate that Bi2Se3 nanoribbons, grown by a simple catalyst-free 
physical-vapour deposition, have inherently low bulk carrier densities, and can be further 
made bulk-free by size confinement, thus revealing the high mobility topological surface 
states. Magneto transport and Hall conductance measurements, in single nanoribbons, show 
that at thicknesses below 30 nm the bulk transport is completely suppressed which is 
supported by self-consistent band-bending calculations. The results highlight the importance 
of material growth and geometrical confinement to properly exploit the unique properties of 
the topological surface states.  
 
Three-dimensional topological insulators (3D TIs) form a new class of quantum matter with an 
insulating bulk and conducting Dirac surface states topologically protected against time-reversal 
invariant perturbations. Spin momentum locking of the Dirac electrons opens up a variety of novel 
electronic phenomena and possible applications 1–5. 
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While much progress has been made in controlling the properties of thin films of 3D TIs, for 
applications it is necessary to generate structures with reduced dimensions, not only for the 
eventual high density of devices that is needed in most applications, but also because new 
phenomena are expected to arise at reduced dimensionality. TI nanoribbons are indeed the basic 
building block to design mesoscopic devices (e.g., quantum dots, quantum point contacts) that are 
promising in both fundamental research to explore confined topological modes 6–10 as well as for 
spintronics 11,12 and quantum information applications 13–16. Quite recently, various theoretical 
proposal have shown the advantage of TI nanowires, with suppressed bulk conduction, to realize 
Majorana fermions 17, instrumental for topological quantum computation.  
 
A key challenge for TIs has been the presence of residual bulk doping which has made it difficult 
to directly probe the Topological Surface States (TSS). Native defects in TIs, such as Se vacancies 
in Bi2Se3, act as charge donors giving rise to bulk carriers with density up to       1019 cm-3  18. For 
single crystal materials great progress has been made to address this issue by compensating the 
defects with intentional substitutions 19. In thin film the use of capping layers in combination with 
structurally matched buffer layers 20,21 have allowed to simultaneously suppress both interfacial 
and bulk defects, yielding very high mobilities. Unfortunately this approach has not been 
successful for lower dimensionality TI structures 22. 
 
Here we show that the bulk doping problem in nanostructures can be solved through the growth 
of TI nanoribbons through a catalyst-free Physical Vapor Deposition (PVD) without requiring any 
additional intentional doping or capping layers. The nanoribbons have low intrinsic bulk carrier 
densities and yield an exceptional high mobility of the topological surface state.  
 
By combining Shubnikov-de Haas (SdH) oscillations and Hall effect measurements on Bi2Se3 
nanoribbons, as a function of thickness, we discover a regime where the bulk carriers are fully 
suppressed. We demonstrate that the electronic transport in our nanoribbons has three main 
contributions: 1) Dirac electrons coming from the TSS at the top interface with the vacuum, 2) 
bulk carriers, and 3) carriers due to a high-density accumulation layer at the interface with the 
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substrate. The nanoribbons become bulk-free, by size depletion of carriers for thicknesses below 
30 nm. 
 
Free-standing bismuth chalcogenide nanoribbons Bi2Se3 were grown on a glass substrate using 
a catalyst-free PVD method 23. Nanoribbons obtained with this method have a thickness between 
10 – 80 nm, and width ranging between 50 to 450 nm; the length can be up to 30 µm. The 
nanoribbons were mechanically transferred to an n-type doped Si substrate with a 300 nm thick 
layer of SiO2. The electrodes were defined using electron-beam lithography followed by 
evaporation of a gold layer. Prior to the deposition of 80 nm of gold, the samples were etched with 
Ar+ ions and 3 nm layer of Ti or Pt was evaporated to achieve ohmic contacts. 
Fig. 1a shows a scanning electron microscope image of a typical device with a Hall bar 
electrode geometry. In this configuration, the measurement of the transversal resistance 𝑅"# =𝑉"#/𝐼 (see Fig. 1a) as a function of the external magnetic field perpendicular to the nanoribbon 
axis, allows to calculate the 3D carrier density n3D,H. The Hall coefficient RH is given by  𝑅( = 𝑡 *+,-*. × 001 = 	 3456,18 ,      (1) 
where we have considered a correction factor to account for the actual width of the nanoribbon w 
and the distance between the transversal contacts wH 24. In Eq. (1) e is the elementary charge and t 
is the nanoribbon thickness. The value of RH, measured in a magnetic field range of ± 14 T, always 
shows a negative slope, indicating n – type carriers. 
Fig. 1b shows the temperature dependence of the nanoribbon sheet resistance calculated as 𝑅"",9:. = 	𝑅""×	𝑤/𝐿, where L is the distance between the longitudinal contacts. Nanoribbons with 
thicknesses above 30 nm show a pronounced hump of the Rxx,sh. with a maximum at around 220 K. 
Below this temperature the resistance decreases with the temperature reaching a saturation at about 
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2 – 10 K. We have previously observed a similar behaviour on both Bi2Se3 and Bi2Te3 nanoribbons 
23. The presence of a hump in Rxx,n .(T)  can indicate a multiband transport19,25.  
The thickness dependence of n3D,H ,  shown in Fig. 1c is calculated (using Eq. 1) from the Rxy(B) 
slope at 0 – 2 T at T= 2K, for nanoribbons of different thicknesses; data points related to n3D,H  
extracted at higher fields 12-14 T are also reported for three nanoribbons with thicknesses covering 
the entire explored thickness range. The two values differ by less than 20%, which indicates that the  
main features of the n3D,H vs. thickness dependence  are not affected  by the range of  magnetic field 
used to fit the Hall resistance.  
A striking feature of the dependence shown in Fig. 1c is that n3D,H increases with  decreasing the 
nanoribbon thickness. A similar dependence has been reported for thin films of Bi2Se3 25 and 
attributed to the increased density of Se vacancies for thinner films. In our case the data in Fig. 1c 
are from the same synthesis batch that gives nanoribbons with different thicknesses. We therefore 
expect to have the same bulk doping for all thicknesses, which rules out Se vacancies as a possible 
cause of such dependence. The increase of n3D,H for t < 30 nm is instead indicative of a stronger 
contribution of surface carriers. In a scenario where surface carriers are formed, with electron 
density larger than the bulk, by reducing the nanoribbon thickness increases the effective carrier 
density since the bulk contribution becomes less dominant. (Additional effects due to band-bending 
will be discussed below). 
To confirm this picture, we used additional independent measurements to extract the carrier 
densities of the bulk, nB, and those of the surface states (topological and/or trivial). In what follows 
we will indicate the 2D carrier density at the nanoribbon top surface (which interfaces the vacuum), 
as nTS, and that at the bottom in contact with the substrate as nInt. To determine the various carrier 
concentrations, we measure the longitudinal Rxx and transversal Rxy magneto resistance. We first 
consider thin nanoribbons (t ≤ 30 nm) where we assume a negligible bulk carrier contribution. 
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Fig. 2a shows the Rxx as a function of the magnetic field for a 30 nm Bi2Se3 nanoribbon (device B13-
E5). We observe typical Shubnikov-de Haas (SdH) oscillations. The frequency F of the oscillations 
is given by the Onsager relation: 𝐹 = ħ@A8	 𝐴C,      (2) 
where A0 is the cross-section of the Fermi surface. For Dirac fermions, 𝐴C	 = 	𝜋𝑘F@  and 𝑛@H,IJ(	 = 	𝑘F@/4𝜋. The Fourier transform of the oscillatory part of Rxx with removed polynomial 
background shows a single dominating frequency F = 99 T, which according to Eq. (2) gives a 2D 
carrier density n2D,SdH = 2.4 × 1012 cm−2 with a corresponding mobility of 6800 cm2(Vs)−1 extracted 
from a Dingle analysis, (see Suppl. Info., Table S1). We have obtained similar results for two other 
nanoribbons with thicknesses ≤ 30 nm (Suppl. Info. Fig. S1, Table S1). The intercept extracted from 
the Landau level diagrams for these nanoribbons is close to 0.5 as expected for Dirac fermions 
possessing a Berry phase φB = 2πβ = π 26. Because of the rather low carrier concentration, the highest 
magnetic field in our experiment (B = 14T) populates low order Landau levels (close to n = 0), 
which makes the extraction of the Berry phase quite reliable (see Suppl. Info. S3). 
The angular dependence measured for this thin Bi2Se3 nanoribbon shows a typical 𝐹	~	1/cos(𝜃) 
dependence, where θ is the angle between the magnetic field direction and the surface of the 
nanoribbon. This confirms the 2D nature of the SdH oscillations (see Suppl. Info., Fig. S4) and 
allows us to conclude that the observed SdH oscillations in nanoribbons with t ≤ 30 nm originate 
from a single TSS. We assign these TSS to the top surface (at the interface with vacuum) of the 
nanoribbon. This is because the SdH oscillations, for all nanoribbons, are not affected by a gate 
voltage while the Hall conductance can be tuned by a bottom gate (Suppl. Info., Fig. S9). We also 
exclude that the TSS at the bottom interface (in contact with the substrate) would contribute to the 
frequency F we extract from the SdH oscillations, since this would lead to a modulation of F by an 
applied gate voltage. The fact that the TSS at the bottom surface do not generate SdH oscillations 
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up to 14 T could be related to its overlapping with the charge accumulation layer formed at the 
interface with the substrate, as we will show below. 
The values of the 2D carrier densities extracted from the SdH oscillations and from the Hall effect 
measurements show a remarkable discrepancy. For example, for nanoribbon B13-E5 (t = 30 nm) 
n2D,SdH is 2.4 × 1012 cm-2 while n2D,H, calculated as n3D,H × t, is 1.7 × 1013 cm−2, almost an  order of 
magnitude higher. The change of slope in the transversal resistance data vs. magnetic field shown 
in the inset of Fig. 1c is an indication of a contribution of a second band to the total carrier 
concentration. To extract the carrier concentration and the mobility of the second band (we neglect 
the bulk) we have performed a two-carrier analysis of the longitudinal and transversal magneto 
conductance measurements. The conductance tensor in the two-carrier analysis is described as 27: 𝐺"" 𝐵 = 𝑒 4WXW3YXWZ.Z + 4ZXZ3YXZZ.Z     (3) 𝐺"# 𝐵 = 𝑒𝐵 4WXWZ3YXWZ.Z + 4ZXZZ3YXZZ.Z  .    (4) 
Here n1;2 and µ1;2 are the carrier density and the mobility of the conduction bands 1 and 2, 
respectively. The conductance tensor was calculated from the transverse and longitudinal 
resistances: 𝐺"" = +,,\+,-\ ZY+,,\ Z ; 	𝐺"# = − +,-\+,-\ ZY+,,\ Z ,   (5) 
where 𝑅""_ = 𝑅""×	𝑤/𝐿"" and 𝑅"#_ = 𝑅"#×	𝑤/𝑤(, and Rxy is the measured transversal resistance, 
w and Lxx is the width and length of the nanoribbon, and 𝑤(  is the distance between the Hall 
electrodes. To achieve a sufficient fitting accuracy within this model, we have included the 
correction for a narrow channel, w/𝑤(, considering the actual geometries of the nanoribbons and 
fixing the carrier density n2 = n2D,SdH extracted from the SdH measurements. Fig. 2b shows Gxx and 
Gxy with the fit of the two-carrier model. The agreement is quite remarkable. The extracted 
parameters for the nanoribbon B13-E5 are n1 = 1.5 × 1013 cm−2, and µ1 and µ2 of 2930 and 
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10600 cm2(Vs)−1 respectively. We assign the n1, extracted from the two-carrier model, to a carrier 
density deriving from the accumulation layer at the bottom surface; we assume therefore that 
n1 = nInt. The n1 we extract from fitting (Eqns. 3 and 4) is only slightly lower than the experimental 
n2D,H = 1.7 × 1013 cm−3 indicating the accumulation layer dominates the Hall conductance. The 
discrepancy between µ2 extracted from SdH and the value obtained by the two-carrier analysis is 
most probably due to the different scattering times involved in Hall and SdH measurements 28,29. 
In our two-carrier analysis, we have considered that the TSS at the bottom surface has a carrier 
mobility similar to the one of the trivial accumulation layer allowing us to describe both bands by a 
single carrier concentration nInt. This assumption accounts for: a) the very good fitting of the 
conductance tensors without the addition of a third band and b) the fact that the TSS at the bottom 
have a much lower mobility. Indeed, in the case of comparable mobility between the TSS at the top 
and bottom surface one would expect to detect clear signatures in the SdH oscillation that we do not 
observe. Finally, the relatively lower mobility of the carrier bands at the interface with the substrate 
(accumulation layer plus TSS having similar mobilities) makes the condition µB >> 1, to observe 
quantum oscillation, not fulfilled at the fields used in our experiment (up to 14 T). The low carrier 
mobility of the carrier band at the interface with the substrate could possibly be related to an 
increased electron-electron scattering due to the larger carrier concentration compared to the top 
surface. 
The Hall conductance gives n3D,H = 4 × 1018 cm−3 for thicknesses t > 40 nm (see Fig. 1c). We can 
therefore consider this value as the upper limit for the hypothetical bulk carrier concentration nB 
(that we have up to now neglected) of the thin nanoribbons. The Fermi energy for these hypothetical 
bulk electrons, measured from the bottom of the conduction band, can be calculated as 30 EFB=ħ@/ 2𝑚∗ 3𝜋@𝑛dH,.efg @/d. Assuming that the effective mass of Bi2Se3 bulk carriers is 0.15 me 31, 
EF B is 60 meV. From the SdH oscillations one can extract the Fermi energy of the top surface EFTS 
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measured from the Dirac node: EF TS = ħkFvF, where kF is obtained from Eq. (2) and vF is taken to 
be equal to 5×105 m/s 32,33. Based on this analysis, EFTS is located in the bulk gap or at the minimum 
of the conduction band (see Table 1) demonstrating the effectiveness of our catalyst-free PVD 
method to grow nanoribbons with low residual doping. Taking into account that the Dirac point is 
about 180 meV below the bottom of the conduction band, one gets a bending of the minimum of the 
conduction band between the bulk and the top surfaces ∆EBB TS = EF B – (EFTS – 180 meV) 33,34. 
In Table 1 we list the calculated ∆EBB TS energies for several Bi2Se3 nanoribbons. For all 
nanoribbons thinner than 30 nm the determined BB energy between the TTS and the hypothetical 
bulk is ∆EBB TS ≈ +65 meV indicating an upward band-bending associated with a depletion layer 
with depth zTop. To confirm this picture and to evaluate the extension of the depletion zTop and 
accumulation zInt layers at the two interfaces, we performed self-consistent simulations of the band-
bending as discussed in Methods using the boundary conditions taken from the experiment. Fig. 3a 
shows the evolution of the conduction band minimum (CBM) as a function of the distance from the 
substrate for 5 different nanoribbon thicknesses. In the plot, the Fermi level is at zero energy. The 
values of zTop and zInt are comparable and on the order of 15 nm; this implies that for nanoribbons 
less than 30 nm in thickness the carrier density is determined primarily by the surfaces instead of 
the bulk. We quantified this assessment by calculating the effective carrier concentration as a 
function of nanoribbon thickness, as shown in Fig. 3c. The results show the same qualitative 
behaviour as the experimental data of Fig. 1c. 
To experimentally probe bulk carriers in thick nanoribbons we measured the Hall conductance 
and SdH oscillations of nanoribbons with thicknesses above 30 nm. The Rxx as a function of 1/B 
clearly shows a multifrequency pattern. In Fig. 4a the SdH oscillations of a nanoribbon with 
thickness of 63 nm (device BR3-10R2) are shown at two different gate voltages. As one can see, 
the FFT spectra of Rxx with subtracted background gives two dominating frequencies F1 = 45 T and 
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F2 = 105 T, the latter being very close to the single-frequency SdH oscillation observed in the thin 
nanoribbons (Fig. 2a, inset and Suppl. Info. Fig. S1). At large gate voltages the charge carriers from 
the interface states can be tuned and the SdH oscillation frequency, corresponding to these carriers, 
should move with applied gate voltage 35. Applying – 75 V to the bottom gate gives no change in 
the frequencies F1 and F2, indicating that F1 and F2 represent either the bulk or the TSS carriers at 
the top surface. These measurements further confirm that the interface carriers do not show up in 
the SdH oscillations, while contributing to the Hall conductance. 
The 3D carrier density for the thick nanoribbons can be estimated from the relation 
n3D = 1/(2π)2(4/3) kF3, where kF is the Fermi wave vector extracted from Eq. (2). The estimated n3D 
for the frequencies F1 and F2 are 1.7 × 1018 and 6.1 × 1018 cm−3, respectively. F2 gives a carrier 
density above what we have identified as being the upper limit of a bulk carrier density of 
4 × 1018 cm−3 and, for this reason cannot be related with the bulk. We therefore associate F1 to the 
bulk and F2 to the TSS at the top surface.  
For thick nanoribbons, the angular dependence of the magnetoresistance Rxx, which is used to 
map the Fermi surface, should indicate a 3D behaviour i.e. deviation from the 1/cos(𝜃) 
dependence. Fig. 4c illustrates the angular dependence of the SdH oscillations for a 60 nm 
nanoribbon. The oscillatory part ∆Rxx is plotted as a function of 1/B cos (θ). The oscillations are 
expected to align if they follow a 1/cos (θ) dependence. As one can see, a clear deviation is instead 
detected for angles θ > 40º (see Suppl. Info. S6 for the detailed extraction of the 1/cos(𝜃) 
dependence) 
With the attribution of F1 to the bulk we can calculate the corresponding bulk density nB. The 
values we obtain for nanoribbons BR3-10R2 and B21-B1 (t = 63 and 59 nm) are on the order of 
2 × 1018 cm−3 which is in good agreement with the value 4 × 1018 cm−3 we have assumed as upper 
limit for the bulk contribution in thin nanoribbons. The interface carrier density nInt for the thick 
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nanoribbons, with multi-frequency SdH oscillations, can be calculated from the total carrier density 
as nInt = n2D,H − (nB × t + nTS). The value nInt = 3.4 × 1013 cm−2 is similar to the previous value 
derived from the two-carrier analysis of the thin nanoribbons. The overall results of magneto 
transport in thick nanoribbons confirms the high reproducibility of the properties of the TSS and 
interface states in our Bi2Se3 nanostructures. 
It is also worth pointing out that the temperature dependence of n3D shown in Fig.1d cannot be 
attributed to a temperature dependence of bulk carriers. Indeed by assuming a temperature 
independent band bending the overall n3D should stay rather constant for a Fermi energy of 60 meV 
(Table 1)  in the bulk conduction band. The temperature dependence of n3D  can instead be attributed 
to an interface accumulation layer carrier concentration that depends on temperature, which itself 
can also depend on the nanobelt thickness. Such a dependence is not surprising since similar  
behavior has been observed in 2DEG gases at LAO/STO interfaces and appear to be a general 
property of interfaces between two  oxide materials 36. The physical origin of the accumulation layer 
at the interface with the substrate is possibly  connected to the interface between the oxide layer 
surrounding the stoichiometric Bi2Se3 nanoribbons and the SiO2/Si substrate (Suppl. Info., 
Fig. S12). It is well established that oxide interfaces may exhibit novel properties that are not found 
in the constituent materials 37,38. A striking example is the LAO/STO interface 36. In high-k/SiO2 
interfaces, for example, oxygen displacement at the interface is considered to be responsible for the 
formation of an interface dipole with an orientation depending on the areal density difference of 
oxygen atoms at the interface 39. Depending on the sign of the dipole electrons an accumulation 
layer can be formed at the interface between the oxides to compensate the dipole electric field. In 
our case the oxide surrounding the nanoribbon and the SiO2 are mainly amorphous, with some 
polycrystalline grains which could be associated with Bi2O3 and SeO2, coupled through Van der 
Waals forces to the substrate (the nanoribbons are mechanically transferred to the substrate), (Suppl. 
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Info., Fig. S12). Only detailed atomistic calculations could therefore possibly give a clear insight 
into the effective species displacements at the interface accompanied by an electron density 
redistribution, leading to the formation of a 2DEG.    
Finally the accumulation layer  at  the substrate interface can be removed by suspending the 
nanoribbons or by using different substrates and/or properly engineered buffer layer 20.  
The presence of a depletion layer at the top surface (interfacing the vacuum) is a peculiarity of 
the PVD technique we have used to grow the nanoribbons. This is also demonstrated in other reports 
using a similar growth process 34, and contrasts with the finding of accumulation layers formed at 
the top surface of single crystals 31,40 and MBE thin films 27,41,42.  At the same time signatures of a 
TSS at the bottom interface, when an in plane magnetic field aligned with the nanoribbon axis is 
applied to the sample have been also detected in magnetotransport. In these measurements, for thin 
nanoribbon, we clearly see Aharonov-Bohm oscillations associated with orbits around the cross 
section (see Suppl. Info., Fig. S11). This indicates that despite the lower mobility of the bottom TSS, 
coherent trajectories are established on all 4 surfaces of the nanoribbon. 
To conclude, our results highlight the promise of controlling the properties of TI materials 
through growth techniques and dimensionality and establish TI nanoribbon as a viable platform to 
study new phenomena and effects deriving from the topological protection of the surface states. 
Furthermore, it shows that post-growth treatment is not necessary to achieve bulk-free transport, 
significantly simplifying and lowering the requirements for eventual applications of these 
nanomaterials 
 
Methods: 
Transport measurements were performed in the Physical Property Measurement System (PPMS) 
by Quantum Design, equippe with a 14 T magnet and a base temperature of 2 K. 
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Modelling details. We solve self-consistently Poisson’s equation for the electrostatic potential V:
, 
where ε is the dielectric constant of bulk Bi2Se3, n3D is the free-carrier density due to bulk and 
2DEG bands, nTS is the carrier density due to the TSS and Nd is the bulk dopant concentration. n3D 
is obtained by integrating the electron and hole density of states due to conduction and valence 
bands (assumed parabolic and using the effective mass approximation) up to the metal Fermi level 
EF. nTS is obtained using the Dirac-like linear energy-dispersion of the TSS and assuming that they 
are spatially localized uniformly within 3 nm about each Bi2Se3 surface. The conduction and 
valence bands as well as the TSS are locally shifted by the self- local electrostatic potential within 
the conventional rigid shift approximation. We use ε = 100, which is representative of the 
available experimental values of the static dielectric constant for Bi2Se343, but note that more 
refined calculations may need to consider the anisotropy of the static dielectric constant with the 
direction of the electric field. 
Solving Poisson’s equation requires two boundary conditions, which we choose based on 
input from the experimental measurements. We set them by fixing V(z) at the two ends of the 
simulation cell. For the simulations shown in Fig. 3a we impose that the CBM is 300 meV below 
EF at z = 0 and 10 meV above EF at z = t. The resulting average electronic charge density from 
these simulations:  is shown in Fig. 3c as function of t. For the simulations 
shown in Supplementary Information Fig. S10 we choose V(0) such that the electronic charge 
density integrated from 0 to t - 3 nm:  is within 1% of the value nInt shown 
in Table 1 while at the top surface we impose that the energy of the Dirac point equals the value 
EFTS shown in Table 1. 
∇2V (z) = e[n3D (z)+ nTSS (z)+ Nd ] / ε
1
t dz0
t
∫ n3D (z)+ nTSS (z)[ ]
dz
0
t−3nm
∫ n3D (z)+ nTSS (z)[ ]
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FIG. 1. a) Coloured SEM image (electrodes in yellow and Bi2Se3 nanoribbon in violet) of an individual Bi2Se3 
nanoribbon with 6 contacts enabling measurements of the longitudinal (Vxx) and transverse (Vxy) voltages. 
b) Temperature dependence of the longitudinal sheet resistance of Bi2Se3 nanoribbons with different thicknesses. 
c) Calculated 3D carrier density extracted from the Hall effect in the magnetic field range 0 – 2 T (red diamonds) as a 
function of the nanoribbon thickness; the orange diamonds represent n3D  extracted at high magnetic field (12 – 14 T); 
T=2K. The inset shows the magnetic field dependence of the transverse resistance Rxy for a nanoribbon with t = 30 nm 
(red solid and orange dashed curves represent linear fits to magnetic field range 0 – 2 T and 12 – 14 T ). The pink shaded 
region is a guide to the eye and the green striped region indicates the upper bound for the bulk carrier concentration. 
d) Temperature dependence of the 3D carrier density n3D extracted from the Hall effect in the magnetic field range 
0 – 2 T for nanoribbons with different thicknesses. 
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FIG. 2. a) Shubnikov-de Haas oscillations for  a Bi2Se3 nanoribbon (device B13-E5). The inset shows the FFT 
spectrum of ∆Rxx.		A	single	dominating	pick	is	observed	at	a	frequency	F	=	99	T.		An	additional	peak	might	be	present	 at	 lower	 frequency;	 however,	 the	 signal	 to	 noise	 ratio	 is	 too	 low	 to	 draw	 firm	 conclusions.	
b) Longitudinal and transverse conductance versus magnetic field. The dashed lines correspond to the fit of the two-
carrier model.	
 	
	
FIG. 3 a) Calculated CBM as a function of the distance from the substrate for nanoribbons of different thicknesses. 
b) 3D Schematics: on the left – the band-bending for a 30 nm nanoribbon; on the right – 25 and 60 nm thick nanoribbons 
c) Calculated effective carrier density from the self-consistent band-bending of panel a, using a dielectric constant ε 
=100. 
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FIG.4. a) Shubnikov-de Haas oscillations of a Bi2Se3 nanoribbon with thickness 63 nm at 0 and – 75 V back gate 
voltages and b) FFT spectra of SdH oscillations of a) with a removed background ∆Rxx. c) ∆Rxx versus 1/B cos (θ) for 
various angles θ between the magnetic field and the surface normal. The red line is a guide to the eye showing the 
departure from the 1/B cos (θ) scaling of the SdH oscillations. 
 
 
 
TABLE 1. Summary of characteristic parameters of Bi2Se3 nanoribbons with different thicknesses.*  
Nr t (nm) nTS (cm-2) nInt (cm-2) nB (cm-3) 
EF TS 
(meV) 
EFB 
(meV) 
∆EBB TS 
(meV) 
∆EBB,Int 
(meV) 
B13-E3 26 2.1×1012 3.8×1013 ª 
4×1018 
170 
60 
71 -280 
B13-C3 21 2.2×1012 1.9×1013 ª 172 68 -130 
B13-E5 30 2.4×1012 1.5×1013 b 180 61 -40 
BR3-10R2 63 2.5×1012 - 1.7×1018 185 35 29 - 
B21-B1 59 2.6×1012 3.4×1013 2.2×1018 187 41 34 -200 
 
*The band-bending energy at the interface with the substrate ∆EBB,Int is calculated as ∆EBB,Int = EFB – CBM(0), where the 
conduction band minimum at the interface with the substrate is extracted from the simulated band-bending diagrams 
(Suppl. Info, Fig. S10). 
ª calculated as nInt = n2D,H − nTS 
b Determined from two – carrier analysis 
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1) Shubnikov-de Haas oscillations in Bi2Se3 nanoribbons 
1-1) Thin nanoribbons (t<35nm) 
In Fig. S1-a we show Shubnikov-de Haas (SdH) oscillations for three nanoribbons with 
thicknesses 26 – 31 nm. The Fast Fourier Transform (FFT) spectra give one dominating frequency 
(F) around 100 T (Fig. S1-b). The determined frequency of SdH oscillations is used to calculate 
the 2D carrier density n2D,SdH = k2F /4π = 2×1012 cm−2 (Table S1). 
The cyclotron mass mc is calculated in agreement with the Lifshitz – Kosevich theory. The	
∆Rxx values as a function of temperature at fixed magnetic field positions corresponding to the 
Landau Indices N = 7; 8; 9 are shown in Fig. S2-a. The amplitude of the oscillations with the 
increase of the temperature can be expressed as 
∆Rxx	(𝑇) ∝ 	(2𝜋@𝑘.𝑇	/	ħ𝜔)	/	(sinh	 	(2𝜋@𝑘.𝑇	/	ħ𝜔)), where 𝑘. is the Boltzmann constant, ħ is 
the reduced Planck constant, 𝜔 is the cyclotron frequency1. By fitting the temperature dependent 
amplitude of the SdH oscillations in agreement with this equation, we extract 𝜔, which is then 
used to calculate the cyclotron mass as mc = eB/	𝜔. The cyclotron mass is determined for 5 different 
magnetic field positions and the averaged mc values are listed in the Table S1. 
 
FIG. S1. a) Oscillatory part of the longitudinal magnetoresistance ΔRxx with removed background as a 
function of 1/B. b) FFT amplitude of the ∆Rxx for nanoribbons with thicknesses 26 – 31 nm. 
 
To evaluate the 2D carrier mobility we performed a Dingle analysis (Fig. S2-b). Here we 
extracted the quantum lifetime τ according to the relation 
ln(∆Rxx B sinh (λ(T))) ≈ 1/B × (2π2EF/τevF2), where the thermal factor λ = 2π2kBTmc/eB. Extracted 
τ was then used to calculate the 2D carrier mobility µSdH = eτ/mc, where mc is the cyclotron mass. 
Determined values of the µSdH are given in Table S1. 
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FIG. S2.  a) Amplitude ∆Rxx of the SdH oscillations as a function of temperature for nanoribbon B13-E3. 
The dashed curves correspond to the fit used to extract the cyclotron frequency. N = 7; 8; 9 are assigned 
Landau indexes for several oscillation peaks. b) Dingle plots of three nanoribbons listed in Table S1. Solid 
– transparent lines are the fits used to extract the quantum lifetime and the corresponding 2D mobility. 
TABLE S1. Summary of the calculated parameters from the SdH oscillations for the Bi2Se3 nanoribbons. 
No Nanoribbon 
t, 
nm 
F, 
T 
n2D,SdH, 
cm−2 
β 
µSdH, 
cm2(Vs)−1 
mc / me 
1 B13-E3 26 88 2.1×1012 0.48±0.03 4500±1100 0.145±0.021* 
2 B13-E5 30 99 2.4×1012 0.23±0.06 6800±1400 * 
3 B8-C1 31 96 2.3×1012 0.22±0.03 6200±900 0.136±0.011 
*The value of cyclotron mass of nanoribbon B13-E3 is used in the µSdH calculations for nanoribbon B13-E5. 
 
SdH oscillations for thin nanoribbons (t = 26 – 31 nm) are represented by a single oscillation 
frequency. We can use these data to construct a Landau level fan diagrams for extracting a Berry 
phase (this is not the case for complicated multi-frequency SdH oscillation patterns, as observed 
for thicker nanoribbons, where reliable fan diagrams cannot be constructed due to overlapping of 
several frequencies). The Berry phase can be determined from a linear fit of Landau level fan 
diagram. Here the intercept β with the y axis relates with the Berry phase as β = φ/2π. For Dirac 
fermions, the Berry phase φ = π and the intercept β = 0.5. 
A reliable Landau level fan diagram can be constructed considering both longitudinal and 
transversal components of the magnetotransport measurements, i.e., from conductivity tensor 𝜎"" = q,,q,,Z Yq,-Z ; 	𝜎"# = − q,-q,-Z Yq,,Z   and the Landau levels are indexed by taking the minima of 𝜎""2. 
Depending on 𝜌"" and 𝜌"# ratio, there are two different conditions 2: 
1) 𝜎"" ≪ 𝜎"#,  𝜌"" ≈ 𝜎""/𝜎"#@  ; min in 𝜌"" is min in 𝜎""  
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2) 𝜎"" ≫ 𝜎"#,  𝜌"" ≈ 1/𝜎"" ; max in 𝜌"" is min in 𝜎"".  
By converting magnetoresistance data to conductivity tensor, we find that the 𝜎"" < 𝜎"# (see also 
Fig. 2b in the main text, where the conductance tensor data is plotted for the two-carrier analysis) 
and min in 𝜌"" should coincide with min in 𝜎"". 
Fig. S3-a shows SdH oscillations for nanoribbon B13-E5, thickness – 30nm. Both Δ𝜎"" – 
tensor and plain Δ𝜎""	 (=1/𝜌"" ) data with removed polynomial background are plotted. As 
expected for 𝜎""	 < 	𝜎"# condition, minima in 𝜎"" – tensor occur at the maxima of plain 𝜎"" (or 
at minima of 𝜌""). The SdH oscillations in 𝜎"" – tensor have with a lower amplitude and are noisy 
compared to plain 𝜎"" due to the impact of low signal to noise Rxy data. Therefore, the best way 
to construct the Landau level diagrams for our Bi2Se3 nanoribbons would be to index the minima 
in 𝜌"" . The constructed Landau level fan diagrams with a linear fit for all three thin Bi2Se3 
nanoribbons are shown in Fig. S3-b. Extracted intercepts β = 0.22 – 0.48 are summarized in Table 
S1. 
To validate if the linear fitting in the Landau level fan diagrams is performed correctly, we 
plot the residual Δ1/B values from linear fit as a function of Landau indices N. As one can see, 
the residual of linear fit is scattered around zero for all three nanoribbons (Fig. S3-c). 
The deviation from the value 0.5 for the extrapolated intercept expected for a linear Dirac 
dispersion is most probably caused by a parabolic contribution to the Dirac cone, which shifts the 
observed Berry phase extracted from SdH oscillation towards zero 3. Such a parabolic contribution 
to the Dirac cone is consistently observed in ARPES measurements of Bi2Se3 crystals. 
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FIG. S3. Extraction of Berry phase for thin Bi2Se3 nanoribbons. a) 𝜎"" – tensor and plain 𝜎""(=1/𝜌"") data 
with removed polynomial background plotted as a function of 1/B. b) Landau level diagrams of three 
nanoribbons listed in the Table S1. The solid lines are fit to extract the intercept with the y axis. c) Residual 
values of Δ1/B from linear fit of Landau level diagrams versus Landau indices N labelled to minima of ΔRxx. 
 
The angular dependence of the SdH oscillations for thin nanoribbon (B8-C1) is plotted in 
Fig. S4. For a 2D surface, the oscillation frequency is expected to follow F ∝ 1/ cos(θ), where θ 
is the angle between the top surface of the nanoribbon and the field direction. The fact, that SdH 
oscillations align for all angles if plotting ∆Rxx versus 1/B cos(θ), confirms the 2D nature of the 
SdH oscillations. 
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FIG. S4. SdH oscillations for the nanoribbon B8-C1 as a function of 1/B cos(θ). Angle at 0 deg represents 
magnetic field direction that is perpendicular to the nanoribbon top surface. 
 
1-2) Thick nanoribbons (t>35nm) 
 
Thicker Bi2Se3 nanoribbons (with thicknesses above 35nm) always shows multi-frequency 
SdH oscillation pattern. In Fig. S5 we plot the longitudinal magnetoresistance ∆Rxx for 59 nm thick 
nanoribbon B21-B1, (extracted carrier densities for this nanoribbon are included in the main text, 
Table1). The FFT spectrum gives two dominating frequencies, which correspond to the surface 
and bulk carriers as discussed in the main text. 
 
FIG. S5. a) Oscillatory part of the longitudinal magnetoresistance with removed smooth background ΔRxx 
as a function of 1/B. b) FFT of the ∆Rxx. Data correspond to nanoribbon B21-B1, t = 59 nm. 
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The FFT spectra of SdH oscillations for various magnetic field angles with respect to the 
surface normal for a thicker nanoribbon, shown in Fig. 4c of the main text, is depicted in Fig. S6.  
	
FIG. S6.  FFT spectra of a thick TI nanoribbon (t = 57 nm) for various angles of the applied magnetic field 
θ, where θ=0o corresponds to a field applied perpendicular to the TI nanoribbon surface. The inset shows 
the evolution of the three main peaks as a function of angle θ. 
The FFT spectra of this nanoribbon gives three frequencies: F1, F2 and F3. Two higher 
frequencies F3 = 127T and F2 = 90T follows 1/cosθ dependence and they clearly originate from a 
2D Fermi surface. These frequencies represent topological surface states at the nanoribbon top 
surface (see discussion in main text). The fact that there are two 2 oscillation frequencies with the 
1/cosθ dependence can be related to existing terrace in the nanoribbon top surface (see AFM 
image of this nanoribbon in Fig. S7).  Corresponding 2D carrier density calculated from F2 and F3 
is 2.2 and 3×1012cm-2, which is similar with those carrier density values extracted from a single-
frequency SdH oscillations (see in Table S1). 
The lowest F1 = 70T shows deviation from 1/cosθ  dependence and is attributed to the bulk 
electrons. The bulk carrier density is calculated as n3D = 1/(2π)2(4/3) kF3, and n3D=3.3×1018 cm-3. 
This value is in agreement with an expected ellipsoidal Fermi surface for the bulk 4,5, resulting in 
a departure from the expected 1/cosθ dependence of  SdH oscillation frequency for a 2D Fermi 
surface or a 3D cylindrical Fermi surface (limit of large bulk carrier concentration 1020 cm-3).  
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FIG. S7. Atomic Force Microscopy image of the Bi2Se3 nanoribbon shown in Fig. S6.  A step/terraces can 
be clearly observed in the nanoribbon surface. The right panel shows line scans indicated by the lines 1 
and 2 in the left panel. 
2) Hall effect in individual nanoribbons 
To extract the total Hall carrier density (and to perform a two-carrier analysis as discussed 
in the main text), we have measured Rxy magnetoresistance at high magnetic field intensities up 
to 14 T. Rxy characteristics are nonlinear at magnetic field values above 2T. This fact confirms 
multi-band transport in our TI nanoribbons. The total Hall carrier density can be determined from 
the high-field region 12 – 14T. The determined values are about 20% higher compare to those 
extracted from 0-2T region. These data are shown in the main text, Fig. 1c. 
 
FIG. S8. Transversal resistance Rxy as a function of magnetic field for Bi2Se3 nanoribbons with different 
thicknesses (T = 2K). 
 
3) Gate dependence of Rxx in individual nanoribbons 
 
Fig S9 depicts gate dependence of the longitudinal resistance Rxx at temperature of 2 K for 
nanoribbons with different thicknesses. The 3D TIs are ambipolar materials and the gate 
dependence of the Rxx can give additional information about the charge neutrality point (CNP), 
which usually is observed at large negative voltages in case of SiO2 as a gate dielectric6,7.  
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The CNP can be reached for a thinner Bi2Se3 nanoribbon. As shown in Fig. S9-a, the CNP 
of the top surface (more than tenfold increase of Rxx) is reached at a back gate voltage of -70 V. 
The main reason for applying such high gate voltage is to compensate the accumulation layer at 
the TI interface with the substrate.  
For the 65 nm thick nanoribbon we do not reach the CNP even for applied voltages of -90V 
(Fig. S9-b), which is compatible with the existence of bulk charge carriers in parallel with the 
surface states at the top TI surface and the accumulation layer at the TI interface with the substrate. 
The fact that in thick nanoribbons we have bulk carriers makes it close to impossible to reach the 
charge neutrality point at the TI top surface.  
 
FIG. S9. Back - gate dependence of the longitudinal resistance at 2K for Bi2Se3 nanoribbons: a) t = 30nm 
and b) t = 65nm. 
	
4) Band bending for Bi2Se3 nanoribbons 
 
The band-bending diagrams for Bi2Se3 nanoribbons are modelled by solving the Poisson`s 
equation. For these simulations a self-consistent calculation for a slab of Bi2Se3 with the boundary 
conditions set by the experimentally determined values of different carrier populations in Bi2Se3 
nanoribbons. Fig. S10 shows the simulated band-bending diagrams for thin Bi2Se3 nanoribbons 
using this approach. The conduction band minimum (CBM) at distance “0 nm” (the “Dist.” in the 
plots is the distance of Bi2Se3 from the substrate) corresponds to the interface Bi2Se3/SiO2, with 
an accumulation layer. The CMB values at Dist.=0 nm are used to evaluate the band-bending 
energy at the interface ∆EBB,Int (Table 1, main text). 
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FIG. S10. a) – d) Band-bending diagrams for nanoribbons B13-C3 (t = 21 nm); B13-E3 (t = 26 nm); B13-
E5 (t = 30 nm) and B21-B1 (t = 59 nm). The boundary conditions are set by the experimental values shown 
in the main text, Table 1. Dielectric constant used in the simulations ε = 100.  
 
5) Aharonov – Bohm oscillations 
 
The longitudinal magnetoresistance of the Bi2Se3 nanoribbon B8-C1 (t = 31 nm, w = 260 
nm) as a function of axial magnetic field is shown in Fig. S11. The Rxx oscillates with the period 
of ∆𝐵 = ΦC/𝐴, where ΦC = ℎ/𝑒 is the magnetic flux quantum and 𝐴 is the cross-section of a 
nanoribbon 8. 
The cross-section area is calculated as 𝐴 = 𝑡	×	𝑤 = 8.06	×	10~3	m2. This value of cross-
section would correspond to the oscillation period of 0.51 T, which is different than the 
experimentally observed ∆𝐵 = 0.79 T (Fig. S11). This discrepancy suggests, that the effective 
cross-section (the one representing the area where the charge transport takes place) is smaller than 
the geometrical. If we account for ~ 5 nm thick layer of a native oxide commonly present on the 
surfaces of Bi2Se3 and Bi2Te39, the cross-section area is 5.25	×	10~3	 m2 matching the 
experimentally determined ∆𝐵 of 0.79 T. 
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FIG. S11. Longitudinal resistance versus axial magnetic field. Data correspond to two thermal cycles CD1 
and CD2 of the nanoribbon B8- C1 (t = 31 nm, w = 260 nm).  
 
6) HR-TEM studies of the Bi2Se3 nanoribbons 
 
FIG. S12. High-resolution TEM images on a Bi2Se3 nanoribbon 
 
Fig. S12 illustrates HR-TEM studies of a Bi2Se3 nanoribbon. The left panel provides an 
overview of a Bi2Se3 nanoribbon, showing an oxide layer covering the nanoribbon surface. Close 
view of this oxide layer (of an average thickness of ~5 nm) and its interface with the single-
crystalline core of the nanoribbon is shown in higher magnification image (middle panel). The 
two panels on the right show FFT images corresponding to two different regions of the Bi2Se3 
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nanoribbon, labelled a-1 and a-2. The FFT image corresponding to the a-1 area (the inner structure 
of the nanoribbon) shows a hexagonally symmetric pattern, confirming single-crystalline structure 
of Bi2Se3. The interplane spacing extracted from this pattern is ~0.21 nm, which is consistent with 
the interplane distance of [1120] of Bi2Se310. The FFT image corresponding to the area a-2 (the 
surface layer of the nanoribbon) shows a ring indicating amorphous structure. The ring diameter 
approximately equates to a lattice spacing of 0.32 nm, meaning that the surface layer could 
correspond to a bismuth oxide11 and/or selenium oxide12 layer formed from air exposure.  
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